Input from the charm threshold for the measurement of $\gamma$ by Resmi, P. K.
Input from the charm threshold for the
measurement of γ
P. K. Resmi
(Acknowledge the erstwhile CLEO collaboration members for the privilege of
using the data for the results presented)
Indian Institute of Technology Madras, Chennai, India
resmipk@physics.iitm.ac.in
Abstract. A brief overview of the inputs from charm threshold that
are essential to the determination of the Unitarity Triangle angle γ is
presented. The focus is on the measurements of four-body final states
that have not previously been considered: D0 → K0Spi+pi−pi0 and D0 →
pi+pi−pi+pi−.
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1 Introduction
Among the three CKM [1,2] angles, the uncertainty on γ is much worse than
that on β. This is due to the small branching fraction of decays sensitive to
γ. An improved measurement of γ is essential for testing the standard model
description of CP violation. The decays B± → DK±, where D indicates a
neutral charm meson reconstructed in a final state common to both D0 and
D¯0, provide CP -violating observables and they can be used for measuring γ
by analysing data collected at detectors such as BaBar, Belle, LHCb or the
future Belle II experiment. These are tree-level decays and hence the theoretical
uncertainty is O(10−7) [3].
There are different methods of measuring γ depending on the D final state.
If both D0 and D¯0 decay to a CP eigenstate such as K0Spi
0 or K+K−, then the
GLW formalism [4,5] is used for the measurement. When theD meson decays into
Cabibbo favoured and doubly Cabibbo suppressed final states like K∓pi±, the
ADS method [6] is used for the extraction. In these methods, asymmetry param-
eters and charge-averaged rates are measured from which γ is extracted. Multi-
bodyD decays likeK∓pi±pi0 orK∓pi±pi±pi∓ can be analysed using this method if
coherence factor κ is known [7]. The GGSZ framework [8] is used when D decays
to multibody self-conjugate final states like K0Spi
+pi−, K0SK
+K−, K0Spi
+pi−pi0 or
pi+pi−pi+pi−. The framework is implemented in a model-independent method via
a binned Dalitz plot analysis of the D final state.
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2 Charm inputs
The global average of γ is driven mostly by inputs from ADS and GGSZ mea-
surements. The ADS method needs inputs from D decays: rD and δD, the ratio
of suppressed and favoured D decay amplitudes and D strong-phase respectively.
For the ADS analysis of multibody D decays, the coherence factor κ is needed
as input. It modulates the interference terms in the asymmetry parameters and
varies between zero and one depending on whether there are many overlapping
resonances contributing or a few isolated resonances. D decay inputs ci and si,
the amplitude weighted average of the cosine and sine of the strong phase dif-
ference between D0 and D¯0 in different regions of phase space, are needed for
a GGSZ style γ extraction. New multibody D modes can be explored in GLW
framework, if CP content F+ is known. The interference terms in the asymmetry
parameters will be modulated by (2F+ − 1).
As the results are statistically limited, measuring these charm inputs from
B data leads to further loss in precision. So it is essential to measure them at
a charm factory like CLEO-c where quantum-correlated DD¯ mesons are pro-
duced in e+e− collisions at an energy corresponding to ψ(3770) resonance. The
current CLEO-c inputs contributes 2◦ to the γ uncertainty [9]. In future, when
B statistics is expected to increase, the inputs from BES III experiment will be
imperative.
2.1 Quantum correlated D mesons at CLEO-c
The D meson pairs are produced coherently in a C = −1 state from ψ(3770)
decay. Thus the wave function becomes antisymmetric. The decay rate depends
on the CP eigenvalue of each D final state. If they have opposite CP , then there
will be two-fold enhancement in the yield and the yield will be zero when both
are of same CP . It changes with them being quasi-CP states or self-conjugate
states.
CLEO-c detector has a good 4pi solid angle coverage and hence full recon-
struction of a DD¯ event is possible. High efficiencies for track and photon re-
construction are also a feature of CLEO-c.
3 Results
A number of D final states have been studied using a data sample corresponding
to an integrated luminosity of 0.8 fb−1 collected by CLEO-c. The CP content, ci
and si values and coherence factor κ have been measured for various multibody
D decay modes.
3.1 D → K0Spi+pi−
This is the golden mode to measure γ via the GGSZ formalism, especially at the
B factories. The D Dalitz plot is binned and ci and si values have been extracted
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in each of them as shown in Fig. 1 [10]. Optimal binning, in terms of sensitivity
to γ, is done with guidance from an amplitude model [11]. Eight symmetric bins
have been constructed with respect to m2+ = m
2
− line, where m± corresponds to
invariant mass of K0Spi
±.
Fig. 1. Binned Dalitz plot for D → K0Spi+pi− (left) and measured ci and si values
(right).
These inputs have been used by both Belle and LHCb for γ measurements
[12,13]. In the model independent approach, the uncertainty due to modelling is
replaced by the statistical uncertainty from CLEO-c sample.
3.2 D → K0Spi+pi−pi0
The decay D → K0Spi+pi−pi0 has a relatively large branching fraction of 5.2%
[14]. This has been analysed against several tag (other D) modes that are CP
eigenstates, self-conjugate states etc. The yields with CP -odd and CP -even
tags have been measured as N+ and N− as given in Fig. 2.
The CP content is defined as
F+ =
N+
N+ +N−
(1)
for CP eigenstate tags. K0S,Lpi
+pi− modes are used as self-conjugate tags. The
yield measured in bins of tag Dalitz space is proportional to 1−(F sig+ −1)(F tag+ −
1). The measured and expected yields in KS,Lpi
+pi− bins are given in Fig. 3.
From both the methods, the average F+ = 0.238± 0.018 [15], where the uncer-
tainty includes both statistical and systematic contributions. This suggests that
K0Spi
+pi−pi0 is significantly CP -odd.
The multibody decay proceeds via some interesting resonance substructures.
They are CP eigenstates like K0Sω (GLW like), Cabibbo favoured states like
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Fig. 2. N+ (left) and N− (right) for D → K0Spi+pi−pi0 with CP -odd and even tags,
respectively. Yellow region shows the average value.
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Fig. 3. Measured and expected yields for D → K0Spi+pi−pi0 in K0Spi+pi− (left) and
K0Lpi
+pi− (right) tag bins.
K∗−pi+pi0 (ADS like) etc. The strong-phase information can be extracted from
the five dimensional phase space. In the absence of an amplitude model, the
phase space is binned around these resonances. The results are given in table 1
and Fig. 4 [15].
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Fig. 4. ci and si results in various bins for K
0
Spi
+pi−pi0.
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Bin resonance ci si
1 ω −1.11± 0.09+0.02−0.01 0.00
2 K∗−ρ+ −0.30± 0.05± 0.01 −0.03± 0.09+0.01−0.02
3 K∗+ρ− −0.41± 0.07+0.02−0.01 0.04± 0.12+0.01−0.02
4 K∗− −0.79± 0.09± 0.05 −0.44± 0.18± 0.06
5 K∗+ −0.62± 0.12+0.03−0.02 0.42± 0.20± 0.06
6 K∗0 −0.19± 0.11± 0.02 0.00
7 ρ+ −0.82± 0.11± 0.03 −0.11± 0.19+0.04−0.03
8 ρ− −0.63± 0.18± 0.03 0.23± 0.41+0.04−0.03
9 remainder −0.69± 0.15+0.15−0.12 0.00
Table 1. ci and si results in various bins for K
0
Spi
+pi−pi0. Bins 1, 6 and 9 are CP
self-conjugate, which implies si = 0.
The γ sensitivity with these results have been estimated for the expected
full data set of 50 ab−1 at Belle II. With B± → D(K0Spi+pi−pi0)K± decays, it is
possible to reach σγ = 4.4
◦ (see Fig. 5) [15]. Here, it is assumed that branching
 / ndf 2χ
 22.56 / 28
Constant  3.36± 79.85 
Mean      0.15± 72.52 
Sigma    
 0.112± 4.384 
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Fig. 5. γ sensitivity with 50 ab−1 dataset at Belle II.
fraction × efficiency is similar to that of K0Spi+pi−. Improvements are possible
with optimal binning using the knowledge of an amplitude model or finer binning
from a large statistics sample at BES III.
3.3 D → pi+pi−pi+pi−
The all charged final state of D → pi+pi−pi+pi− makes the detection easier at
LHCb. The phase space is analysed to extract ci and si results. Here, binning is
done based on amplitude model [16]. The prominent contributions are a1(1260)
+
and ρ(770)0. The invariant mass projections are shown in Fig. 6.
The five dimensional phase space is binned with the variablesm+,m−, cos θ+,
cos θ− and φ, where m+(m−) is the invariant mass of pi+pi+(pi−pi−) pair, θ+(θ−)
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Fig. 6. Invariant mass projections for pipi combinations.
is the helicity angle of pi+pi+(pi−pi−) pair and φ is the angle between pi+pi+ and
pi−pi− decay planes. The results with optimal binning are given in Fig. 7 [17].
These results will contribute to 5◦ uncertainty on γ with 50 fb−1 data after
Fig. 7. ci and si results for D → pi+pi−pi+pi−. The grey regions shows the model
predictions and black ellipses are measured values with statistical uncertainties.
LHCb phase I upgrade along with 2◦ from B sample statistics. The sensitivity
for different scenarios are presented in Fig. 8 [17].
Fig. 8. Sensitivity predictions with ci and si results for D → pi+pi−pi+pi−.
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The CP content F+ has also been measured for this mode with CP eigen-
states and K0S,Lpi
+pi− modes as tags. The N+ and N− results are shown in
Fig. 9. The average F+ result obtained is 0.737 ± 0.028 [18]. Consistent results
Fig. 9. N+ (left) and N− (right) for D → pi+pi−pi+pi− with CP -odd and even tags,
respectively. Yellow region shows the average value.
have been obtained using amplitude model as well as ci and si results [16,17].
3.4 D → K−pi+pi−pi+
The decay D → K−pi+pi−pi+ can be analysed in ADS formalism to extract γ if
coherence factor κ or RK3pi is measured. It will then be treated like a two-body
with single effective strong phase δD. The results obtained with CLEO-c data
are shown in Fig. 10 [7].
Fig. 10. Scans of ∆χ2 for the fit to CLEO-c observables in RK3pi, δ
K3pi
D parameter
space.
It has been also shown that D− D¯ mixing results can be used as input for γ
measurements [19]. So charm mixing results for this mode at LHCb [20] are com-
bined with these to obtain more precise values. There exists an amplitude model
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for D → K−pi+pi−pi+ decay [21] and this will allow for a more precise measure-
ment of γ by binning the five dimensional phase space. There is also scope for
improvement to have a much more precise measurement of the coherence factors
in those bins with more data at BES III.
3.5 D → h+h−pi0 (h = pi,K)
The D → pi+pi−pi0 Dalitz plot is symmetric and it suggests that it is isospin
I = 0 state. Further, G-parity suggests that it is an almost pure CP -even
eigenstate. So this could potentially be used for γ extraction in GLW method.
It is analysed in CLEO-c data with CP eigenstates and K0S,Lpi
+pi− modes as
tags. The measured value of F+ is 0.973± 0.017 [22,18], which confirms that it
is an almost pure CP -even eigenstate. Similar measurement has been done for
D → K+K−pi0 resulting in F+ = 0.732± 0.055 [22,18].
The coherence factor has been measured for D → K−pi+pi0 decay mode to
be RKpipi0 = 0.82 ± 0.06 [7]. Since the value is close to 1, the dilution in the
ADS observables due to strong phase from D decay multi-particle phase space
is quite small.
4 Conclusions
Quantum correlated D decays at CLEO-c have been exploited to measure charm
inputs that are used to determine γ from B meson decays. Inputs for GGSZ
framework, ci and si, have been measured forKSpi
+pi−,K0Spi
+pi−pi0 and pi+pi−pi+pi−
final states. Also, the coherence factor is measured for K−pi+pi+pi−, which can be
used in an ADS formalism to extract γ. The CP content of decays like pi+pi−pi0,
K+K−pi0 and pi+pi−pi+pi− allow for new additions in GLW method. The preci-
sion on γ will reach O(1◦) with LHCb upgrade and Belle II. Therefore, inputs
from BES III are required to prevent these measurements being systematically
limited by uncertainties in the strong-phase measurements of D decays.
References
1. Cabibbo, N.: Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10, 531
(1963)
2. Kobayashi, M. and Maskawa, T.: CP violation in the renormalizable theory of weak
interaction, Prog. Theor. Phys. 49, 652 (1973)
3. Brod, J., Zupan, J.: The ultimate theoretical error on gamma from B → DK
decays, J. High. Energ. Phys. 01, 051 (2014)
4. Gronau, M., London, D.: How to determine all the angles of the unitarity triangle
from B0d → DKS and B0s → Dφ, Phys. Lett. B. 253, 483 (1991)
5. Gronau, M., Wyler, D.: On determining a weak phase from charged B decay asym-
metries, Phys. Lett. B. 265, 172 (1991)
6. Atwood, D., Dunietz, I. and Soni, A.: Enhanced CP Violation with B → KD0(D¯0)
Modes and Extraction of the Cabibbo-Kobayashi-Maskawa Angle γ, Phys. Rev.
Lett. 78, 3257 (1997)
Charm threshold input 9
7. Evans, T. et al.: Improved determination of the D → K−pi+pi+pi− coherence factor
and associated hadronic parameters from a combination of e+e− → ψ(3770)→ cc¯
and pp→ cc¯X data, Phys. Lett. B. 765, 402 (2017)
8. Giri, A., Grossman, Y., Soffer, A. and Zupan, J.: Determining γ using B± → DK±
with multibody D decays, Phys. Rev. D. 63, 054018 (2003)
9. LHCb-PUB-2016-025
10. Libby, J. et al. (CLEO Collaboration): Model-independent determination of the
strong-phase difference between D0 and D¯0 → K0S,Lh+h−(h = pi,K) and its impact
on the measurement of the CKM angle γ/φ3, Phys. Rev. D. 82, 112006 (2010)
11. Aubert, B. et al. (BaBar Collaboration): Improved measurement of the CKM angle
γ in B∓ → D(∗)K(∗∓) decays with a Dalitz plot analysis of D decays to K0Spi+pi−
and KSK
+K−, Phys. Rev. D. 78, 034023 (2008)
12. Aihara, H. et al. (Belle Collaboration): First measurement of φ3 with a model-
independent Dalitz plot analysis of B+ → DK+, D → K0Spi+pi− decay, Phys. Rev.
D. 85, 112014 (2012)
13. Aaij, R. et al. (LHCb Collaboration): Measurement of the CKM angle γ using
B± → DK± with D → K0Spi+pi−,K0SK+K− decays, J. High. Energ. Phys. 10, 097
(2014)
14. Tanabashi, M. et al. (Particle Data Group Collaboration): Review of particle
physics, Phys. Rev. D. 98, 030001 (2018)
15. Resmi, P. K. et al.: Quantum-correlated measurements of D → K0Spi+pi−pi0 decays
and consequences for the determination of the CKM angle γ, J. High. Energ. Phys.
01, 82 (2018)
16. d’Argent, P. et al.: Amplitude analyses of D0 → pi+pi−pi+pi− and D0 →
K+K−pi+pi− decays, J. High. Energ. Phys. 05, 143 (2017)
17. Harnew, S. et al.: Model-independent determination of the strong phase difference
between D0 and D¯0 → pi+pi−pi+pi− amplitudes, J. High. Energ. Phys. 01, 144
(2018)
18. Malde, S. et al.: First determination of the CP content of D → pi+pi−pi+pi− and
updated determination of the CP contents of D → pi+pi−pi0 and D → K+K−pi0,
Phys. Lett. B. 747, 9 (2015)
19. Harnew, S., Rademacker, J.: Charm mixing as input for model-independent deter-
minations of the CKM phase γ, Phys. Lett. B. 728, 296 (2014)
20. Aaij, R. et al. (LHCb Collaboration): First observation of D0 − D¯0 oscillations in
D0 → K+pi−pi+pi− decays and measurement of the associated coherence parame-
ters, Phys. Rev. Lett. 116, 24 (2016)
21. Aaij, R. et al. (LHCb Collaboration): Studies of the resonance structure in D0 →
K∓pi±pi±pi∓ decays, Eur. Phys. J. C. 78, 443 (2018)
22. Nayak, M. et al.: First determination of the CP content of D → pi+pi−pi0 and
D → K+K−pi0, Phys. Lett. B. 740, 1 (2015)
